








at a treadmill speed of 2.5 m/s to 43.3 ml O2 �kg�1 �min�1 at
the fastest steady-state speed of 4.1 m/s and were well de-
scribed by a linear fit (V̇O2 � 10.6 �speed � 0.45; R2 
 0.99;
Fig. 2A). Over the same range of speeds, rates of oxygen
uptake for intact-limb 400-m specialists increased from 32.7
(SD 1.5) ml O2 �kg�1 �min�1 at 2.5 m/s to 50.4 (SD 3.9) ml

O2 �kg�1 �min�1 at 4.1 m/s, a relationship also well described
by a linear fit (V̇O2 � 11.1 �speed � 4.9; R2 
 0.99).

The gross metabolic cost of transport for our amputee
subject averaged 174.9 (SD 2.2) ml O2 �kg�1 �km�1 (Fig. 2B)
and was virtually constant across the five speeds measured.
Our amputee sprint subject’s gross metabolic cost of transport

Fig. 1. A: tracings from video images of our
amputee subject during the contact, aerial,
and swing phases of a stride while sprinting
on a treadmill at 10.5 m/s. Also shown are
the vertical (B) and horizontal ground reac-
tion forces, normalized to body weight (C)
vs. time for our amputee and an intact-limb
subject at a treadmill speed of 10.5 m/s.
Black (amputee sprinter) and gray lines (in-
tact-limb sprinter) illustrate the ground reac-
tion force traces of the right (solid) and left
limbs (dotted) of the 2 subjects. Differences
in the duration of the aerial, swing, and total
stride times (shorter) for our amputee vs.
intact-limb subject correspond to the dashed
line extensions of the respective lines in A
(bottom); differences in the duration of the
contact time (longer) for our amputee vs.
intact-limb subject correspond to the solid
line extensions.

Fig. 2. A: mass-specific rates of O2 uptake (V̇O2) vs. treadmill running speed for our amputee sprint subject and runners with intact-limbs. Included are elite
distance runners, subelite distance runners, 400-m specialists, and World Cross-country champion Z. Tadese. B: mass-specific V̇O2 expressed per unit distance
traveled (running economy) for our amputee sprint subject (v), elite distance runners (iv), subelite distance runners (iii), and 400-meter specialists (ii). The
economy of our amputee subject was within 2 standard deviations (SD; dashed lines) of the means of the elite and subelite groups but more than 2 SDs below
the mean of the 400-m specialists. For comparison, the economy of an endurance-trained bilateral, transtibial amputee (i) and 2 World Cross-country champions
[J. Ngugi (vi) and Z. Tadese (vii)] are also shown. Data sources are as follows: i, Brown et al. (3); iii and iv, Morgan et al. (22); vi, Saltin et al. (29); and vii,
Lucia et al. (19). Note: all values reported are from treadmill running at an inclination of 0% except the Lucia et al. value for Z. Tadese, which was collected
at a 1% grade.
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was 3.8% lower than the mean for elite male distance runners
[181.9 (SD 9.1) ml O2 �kg�1 �km�1 (22)], 6.7% lower than the
mean for subelite distance runners [187.5 (SD 9.7) ml
O2 �kg�1 �km�1 (22)], and 17.0% lower than our 400-m spe-
cialists [210.6 (SD 13.2) ml O2 �kg�1 �km�1]. Expressed in
terms of the between-subject SDs of the respective groups, the
mean transport cost of our amputee sprint subject was, respec-
tively, �0.8, �1.3, and �2.7 	 SD lower.

The maximal rate of aerobic metabolism of our amputee
subject was 7.6% lower than that of our intact-limb 400-m
subjects [52.7 vs. 57.0 (SD 3.4) ml O2 �kg�1 �min�1; n � 3].
However, he attained essentially the same running speed at
maximal O2 uptake (Spdaer) as our intact-limb 400-m special-
ists [5.0 vs. 4.9 (SD 0.04) m/s] because his metabolic cost of
running was relatively lower.

Hypothesis Test II: Sprinting Endurance

The all-out treadmill running speeds in relation to run
duration for our amputee sprint subject (Spdts � 10.8 m/s;
Spdaer � 5.0 m/s) are shown in Fig. 3A. In absolute terms,
these all-out speeds ranged from an eight-step top treadmill
speed of 10.8 m/s achieved during a �2.0-s effort to a speed of
6.6 m/s for an 89.5-s effort.

For comparative purposes, the data for three intact-limb
subjects (one sprinter and two distance runners) also appear in
Fig. 3. The all-out running performances of these three intact-
limb runners were essentially fully normalized when their trial
speeds were expressed as a percentage of their anaerobic speed
reserves (Spdts � Spdaer; Fig. 3B). The average agreement
between the actual speeds they maintained (n � 35) and those
predicted by Eq. 1 was � 2.1 (SD 2.8)% (Fig. 3C).

When the same anaerobic speed reserve normalization was
applied to the all-out performances of our amputee sprint
subject, the result was similar (Fig. 3B). The all-out speeds
measured matched those predicted from Eq. 1 (using the
measured values for Spdts and the minimum speed eliciting
maximal aerobic power) to within an average of 2.2 (SD 0.6)%
(Fig. 3C).

Thus agreement with the established relationship was essen-
tially the same for our amputee and intact-limb subjects. The
all-out speed values for our amputee sprint subject fell within
the two SEE (0.50 m/s) prescribed range of functional simi-
larity.

Hypothesis Test III: Sprinting Mechanics

The mechanical means by which our amputee subject
increased his running speed from a jog to a fast sprint
largely paralleled the patterns observed for intact-limb sub-
jects. The directional changes observed in foot-ground con-
tact times, aerial times, swing times, and stance-averaged
vertical force with increasing speed were all similar for our
amputee and intact-limb subjects. As treadmill speed was
increased from 2.5 m/s to a sprint of 10.0 m/s, foot-ground
contact times (Fig. 4A) became progressively shorter. Both
aerial (Fig. 4B) and swing times (Fig. 4C) exhibited maxi-
mum values at 4.0 m/s and tended to decrease with speed
increases from 4.0 to 10.0 m/s. Stance-averaged vertical
forces (Fig. 4D) increased sharply from 2.5 to 4.0 m/s but
increased relatively slowly from 4.0 to 10.0 m/s. Across the

fastest three speeds of 8.0, 9.0, and 10.0 m/s, average
vertical ground reaction force increased slightly for intact
limb runners but did not increase at all for our amputee
sprint subject.

Fig. 3. A: all-out running speed decreased exponentially in relation to trial
duration for our amputee and 3 intact-limb runners of different event special-
izations. B: relative speed. When the speeds of the 4 runners’ all-out trials are
expressed as a fraction of their anaerobic speed reserves (top speed � aerobic
speed), the fraction maintained at any duration was essentially identical for our
amputee and intact-limb subjects. The speeds our amputee sprinter main-
tained for trials of all durations closely matched those predicted from
intact-limb norms (Eq. 1; solid lines in B and C) and fell well within twice
the standard error of estimate (dashed lines in C). One of these intact-limb
subjects was a sprinter (�).
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Although the patterns of change across speed in these four
gait variables were similar, magnitudes tended to be less
pronounced for our amputee vs. intact limb subjects. Conse-
quently, differences between our amputee and intact limb
subjects were minimal at 2.5 and 3.0 m/s, modest at interme-
diate speeds of 4.0 and 5.0, and appreciable at speeds from 6.0
to 10.0 m/s. At the fastest common speed of 10.0 m/s, our
amputee subject’s foot-ground contact times were 14.1%
longer [0.113 vs. 0.099 (SD 0.004) s], aerial times were 34.3%
shorter [0.092 vs. 0.140 (SD 0.011) s], swing times were 21.0%
shorter [0.293 vs. 0.371 (SD 0.023) s], and stance-average
vertical forces were 22.8% less [1.79 vs. 2.32 (SD 0.10) Wb]
than those of intact-limb sprinters. When expressed in intact-
limb SD units for each variable, the differences observed at 10
m/s were �3.5, �4.4, �3.4, and �5.2 SD for time of foot-
ground contact, aerial time, swing time, and average vertical
ground reaction force, respectively. The differences observed
at top speed [10.8 vs. 10.8 (SD 0.6) m/s; Table 1] were similar
to those observed at 10 m/s.

Horizontal impulses and peak forces were substantially
lower for our amputee vs. intact-limb subjects at every speed as
shown at 10.5 m/s in Fig. 1. The vertical forces reported
throughout the manuscript are therefore conservative in under-
representing resultant ground reaction force differences be-
tween our amputee and intact-limb sprint subjects.

DISCUSSION

We set out to determine whether near-Olympic-level sprint
running performance was occurring via similar or dissimilar
physiological and mechanical processes in our amputee and
intact-limb subjects. This experimental opportunity was novel
but also limited. Sprint running at near-elite speeds with two
prosthetic limbs is without precedent and largely unstudied.
However, circumstances limited us to testing the one amputee
athlete who has these performance capabilities and availed
little directly applicable prior information. These limitations
might have led to inconclusive results, an inability to distin-
guish between prosthetic-related and physiological variability,
or conceivably both. Yet, the results of all three of our tests
were relatively clear. Our first and second hypotheses were
primarily physiological comparisons of the metabolic cost of
running and sprinting endurance, respectively. Our results
indicated that physiological function was largely similar and
virtually identical, respectively, between our amputee and
intact-limb subjects. The results from tests of our third hypoth-
esis, regarding running mechanics, indicated substantial dis-
similarity while sprinting. Accordingly, we conclude that run-
ning for our amputee subject is physiologically similar but
mechanically dissimilar to running with intact limbs.

A significant concern before testing was the potential diffi-
culty our amputee subject might have performing on the

Fig. 4. Shown are foot-ground contact time (A), aerial time (B), swing time
(C), and stance-averaged vertical force (D) vs. speed during constant-speed
treadmill running trials for our amputee and intact-limb sprint subjects (n � 4)
with similar top sprinting speeds. At the fastest speeds, our amputee subject
had longer periods of foot-ground contact, shorter aerial and swing times, and
lower stance-averaged vertical forces. Gray shading within the solid lines
illustrates intact-limb means � 2 SDs. All of the mechanical variables
illustrated differed between our amputee and intact-limb subjects at the fastest
2 speeds. Vertical force is expressed as multiples of body weight (	Wb).
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treadmill. A number of factors assured us that this testing
apparatus did not hinder his performances in relation to over-
ground running. First, our amputee subject reported being
well-habituated to treadmill running from the regular use of his
home treadmill. Second, he was able to execute trials of all
speeds on our high-speed treadmill in the same manner as our
intact-limb subjects did. Third, his sprinting performance dur-
ing all-out treadmill running at 400-m race speed matched that
reported for overground efforts earlier in the off season.
Fourth, the metabolic and mechanical data acquired during
treadmill running tests on our amputee subject were identical
or very similar to those that we obtained during overground
running tests. Because virtually all of the intact-limb metabolic
and mechanical data available for the three tests undertaken
were acquired on the treadmill, we have presented only the
treadmill data here.

Hypothesis Test 1: The Metabolic Cost of Running

Because a measurement technique that provides valid esti-
mates for the anaerobic portion and total metabolic energy
released during sprinting running has not been developed
despite extensive efforts to do so (1, 2, 14, 20, 21, 28), we
tested our first hypothesis at the slower speeds required for
obtaining valid metabolic data. This was probably not a sig-
nificant limitation due to the nature of the metabolic rate-
running speed relationship. Because this relationship is well
described by a linear fit with a near zero-intercept (Fig. 1A), the
metabolic cost of transport, or energy expended per unit
distance traveled, varies little across speed for different indi-
viduals (10, 22).

The results of our first hypothesis test evaluating the meta-
bolic cost of running were mixed. Our amputee subject’s costs
were lower than the means for intact-limb runners, but only
slightly so, being 3.8 and 6.7% (0.8 SD units and 1.3 SD units,
respectively) lower than those of elite and subelite distance
runners (22). However, his values were 17 (SD 2.7)% lower
than those of the intact-limb 400-m specialists tested here and
two or more SDs below the means reported for four other
groups of subelite male sprinters (24, 25, 31, 34) and 1.67 SDs
below those of a fifth group (30). We therefore conclude that
our amputee’s metabolic cost of running is similar to that of
intact-limb elite and subelite distance runners and lower than
that of intact-limb male sprinters. However, the differences in
the respective metabolic costs incurred by our amputee and
intact-limb sprint subjects were largely offset by parallel dif-
ferences in the aerobic power available to them. As a result, the
respective values for the aerobic variable most relevant for
sprinting performance, the velocity V̇O2max or Spdaer (7, 36),
were nearly identical [5.0 vs. 4.9 (SD 0.04) m/s].

We also note that the metabolic transport cost values that are
available for several notable world-class endurance runners
with fully intact limbs are lower than those of our amputee
subject. These include two world cross-country champions:
John Ngugi (29) and Zersenay Tadese (19). Finally, the only
other metabolic measurements for a bilateral, transtibial am-
putee runner (3) that we are aware of, that from a 5-h mara-
thoner, indicated that his metabolic transport costs were 19%
greater than our amputee sprinter (Fig. 2B) and similar to
nonathletes with intact limbs (22). Without additional data
from bilateral, transtibial amputees, a definitive conclusion
regarding whether passive-elastic, lower-limb prostheses econ-
omize their running is not possible.

Hypothesis Test 2: Sprinting Endurance

The results of our second hypothesis test indicated that our
amputee subject’s sprinting endurance is virtually identical to
that of intact-limb runners. Although his atypically fast closing
speeds in races and carbon fiber lower limbs led us to expect a
fatigue resistance that would translate into an appreciably
greater ability to maintain speed, particularly for those trials
lasting as long as 200- and 400-m track events, this was not the
case. Rather, we found that our amputee subject’s all-out
sprinting speeds decreased in relation to trial duration in the
same manner as the speeds of intact-limb runners did (Eq. 1).
The speeds that we predicted for our amputee subject using
intact-limb norms (7, 36) matched those he actually maintained
to within 2.2 (SD 0.6)% for six all-out trials between 2 and 90 s
in duration.

These results indicate that, when the start and acceleration
portions of overground sprint racing are removed, as they were
in our constant-speed treadmill trials, the abilities of our
amputee and intact-limb sprinters to maintain their sprinting
speeds did not differ. Relatively poor starts and accelerations
are not surprising for an athlete who lacks ankles, ankle
extensor muscles, and feet to transmit muscular force and
power distally during the push-off phase (17) of each acceler-
ating step. The slower starts and accelerations of our amputee
subject during overground sprint races are likely responsible
for his superior performances in longer vs. shorter sprint races
relative to athletes with intact legs. Poorer starts and acceler-

Table 1. Sprinting mechanics

Measure 10.0 m/s Top Speed

Time of contact, s
Intact limb sprinters 0.099 (0.004) 0.094 (0.008)
Amputee sprinter 0.113 0.107
Difference (	 SD) �3.5 �1.7
Percent difference �14.1 �14.2

Swing time, s
Intact limb sprinters 0.371 (0.022) 0.359 (0.019)
Amputee sprinter 0.293 0.284
Difference (	 SD) �3.5 �4.0
Percent difference �21.0 �21.0

Aerial time, s
Intact limb sprinters 0.140 (0.011) 0.136 (0.011)
Amputee sprinter 0.092 0.090
Difference (	 SD) �4.4 �4.3
Percent difference �34.5 �34.4

Stance average vertical force (	 Wb)
Intact limb sprinters 2.32 (0.10) 2.30 (0.13)
Amputee sprinter 1.79 1.84
Difference (	 SD) �5.2 �3.6
Percent difference �22.9 �21.7

Peak vertical force (	 Wb)
Intact limb sprinters 3.72 (0.31) 3.93 (0.51)
Amputee sprinter 3.24 3.38
Difference (	 SD) �1.5 �1.1
Percent difference �12.8 �14.0

Values are means and SD (in parentheses) for n � 4 intact-limb sprinters.
Top speeds of our amputee and intact-limb sprinters were 10.8 and 10.8 (SD
0.6) m/s, respectively. Top speed: stride length � 4.22 vs. 4.86 (SD 0.27) m;
stride frequency � 2.56 vs. 2.21 (SD 0.08) Hz; 10.0 m/s; stride length � 4.06
vs. 4.73 (SD 0.19) m; stride frequency � 2.46 vs. 2.11 (SD 0.089) Hz. Forces
are expressed as multiples of body weight (	Wb).
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ations also inevitably affect pacing by selectively compromis-
ing speed in only one portion of a sprint race.

Hypothesis Test 3: Running Mechanics

The results of our third test indicated substantial functional
dissimilarity between our amputee and intact-limb subjects in
running mechanics. The degree of dissimilarity was almost
completely speed dependent: being largely absent at slow
speeds, moderate at intermediate speeds, and substantial at the
fastest speeds (Figs. 1 and 4). Because running performance at
all three Olympic sprint distances is determined primarily by
the top sprinting speed of the athlete (7, 36), the mechanics of
greatest functional relevance are those that we observed at the
fastest speeds.

The speed limits of our amputee and intact-limb subjects
were similarly imposed by their gait mechanics. All reached
their absolute limit, or top speed, when their foot-ground
contact times and vertical impulses decreased to the minimum
values necessary to provide sufficient aerial time to reposition
the swing leg for the next step (35). Thus, at top speed, our
amputee and intact-limb subjects all reached likely maximums
for the ground forces they could apply and minimums for the
time in which they could reposition their swing legs (Fig. 4,
Table 1).

Although the top speed results attained by our amputee and
intact-limb subjects were similar, their aerial times, swing
times, and weight-specific ground reaction forces were all
markedly dissimilar. Given the extent and nature of the me-
chanical dissimilarities observed, these differences seem
largely attributable to running with carbon-fiber, lower-limb
prostheses vs. intact limbs. We have previously noted that
minimum swing times differ little at the top speed of intact-
limb runners of different sprinting abilities, for example, vary-
ing by only 0.03 s between runners with top speed of 11.1 vs.
6.2 m/s (35). However, our amputee subject was able to
reposition his swing limbs almost 0.10 s more rapidly than the
mean we previously reported [0.373 (SD 0.03) s], and 0.075 s,
21%, and 4.0 SD more rapidly than the intact-limb sprinters
tested here (Table 1). The combined mass of our amputee
subject’s residual limb distal to the knee and that of the
Cheetah prosthesis is roughly half the mass of an intact calf and
foot (4). Reducing the mass of the distal segment of the limb by
nearly twofold apparently allows the swing limb to be reposi-
tioned appreciably more rapidly.

With his relatively shorter aerial (�34.4%) and swing times
and longer contact times (�14.2%), our amputee subject was
able to attain the same top sprinting speeds as our intact-limb
subjects with stance-averaged vertical forces that were 22%,
0.46 Wb and 3.6 SD units lower than those of intact-limb
sprinters. These large force differences at Spdts also seem
attributable to sprinting with lower-limb prostheses rather than
intact limbs. Transtibial amputees lack the uniarticular, biar-
ticular, and polyarticular muscles that cross one or more of the
metatarsal-phalangeal, ankle, and knee joints of an intact limb.
The specific absence of bi- and polyarticular muscles disallows
the transfer of muscular force possible from the knee to the
ankle and foot of an intact limb (17). The lesser ground
reaction forces observed in the prosthetic vs. intact-limbs of
unilateral, transtibial amputees (11) provide direct evidence of
a force impairment.

Conclusions

Perhaps our most striking result, given the interdependence
of locomotor physiology and mechanics (18, 26, 27, 32), is that
our amputee subject could be simultaneously similar to intact-
limb runners physiologically but dissimilar mechanically. Physi-
ological similarity is most likely explained by the reliance of both
transtibial amputee and intact-limb runners on the large groups of
extensor muscles that act across the hip and knee joints. There was
no a priori reason for us to expect that the lower limb prostheses
of our amputee subject would alter either the metabolic cost of
force production (18, 27) or fatigability (7, 8, 38) at the tissue or
fiber level in these skeletal muscles. However, running with
lower-limb prostheses might have substantially altered the nature
of their activity. Our finding that the whole-body manifestations
of these respective skeletal muscle properties (running economy
and sprinting endurance) were largely similar suggests that the
prostheses, to some extent, approximate the spring-like mechan-
ical function that characterizes intact lower limbs. Although the
provision of spring-like behavior from limb segments that lack
skeletal muscle is not the norm for human limbs, this phenomenon
has biological precedent. Through evolution, the distal limb seg-
ments of horses, antelope, and ostriches have lost skeletal muscle
and come to rely solely on passive-elastic tendons and ligaments
to provide spring-like function.

The mechanical dissimilarities observed highlight the func-
tional trade-offs that are perhaps inevitable for artificial vs.
biological limbs. The aerial and swing time reductions ob-
served for our amputee subject support the classic, but largely
untested, arguments of functional morphologists. For more
than a half century, these scientists have postulated that light,
slender limbs have evolved in cursorial animals to enhance
speed by reducing the time required to reposition the limbs (13,
15, 16). However, the meager ground reaction forces observed
during amputee running here and elsewhere (4, 11) identify
what may be a critical limitation for speed (35). Legs must
perform different functions during the stance and swing of the
stride, as well as during the start, acceleration, and relatively
constant-speed phases of sprint running. Collectively, our re-
sults underscore the difficulty of providing these multiple
mechanical functions with a single, relatively simple prosthetic
design and the formidable challenges involved in engineering
limbs that fully mimic those produced by nature.
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